Introduction
Culturing isolated central nervous system (CNS) neurons provides a powerful tool for neuropharmacological studies and the study of mechanisms of neurodegeneration and neuroregeneration. Here we present a method for culturing isolated vestibular neurons from adult mice. Although it is relatively easy to isolate neurons from embryonic (1) or early postnatal animals (2) before they form synapses, the isolation of adult CNS neurons is often difficult due to tight adhesion of cell bodies, thousands of synapses, presence of few glial cells, requirement of trophic factors, and damage to axons and dendrites during the process (1, 3, 4) . Although embryonic neurons represent an easy and effective source of primary neurons, their developmental stage is not always appropriate for the topic of interest. Many neurodegenerative diseases often occur later in life. In many cases, it is clear that embryonic neurons behave differently than adult neurons in terms of pharmacology, electrophysiology, development, and regenerative and pathological characteristics. In such cases as calcium dynamics (5) , glutamate sensitivity, and mitochondrial functions (6) , the difference between the embryonic and adult neurons could be significant.
The use of cell cultures in the study of the vestibular system has been increasing. The vestibular system is the sensory system that detects the position and motion of the head in space. This information is used to stabilize the eyes when the head is moving and adjust the neck and body muscle tone to control posture. The receptive structures of the vestibular system are located in the labyrinth, which contains the three semicircular canals that sense the angular acceleration of the head in space, and the otolith organs (utricle and saccule) that sense linear acceleration. The vestibular sensory information is transmitted mainly to the superior, medial, inferior, and lateral vestibular nuclei and the cerebellum. These structures send ascending and descending projections to stabilize gaze and posture via reflexes, such as the vestibulo-ocular reflex and the vestibulospinal reflex (7) .
Cell cultures have been used to investigate the electrophysiological properties of vestibular ganglion cells (8) , the effects of growth factors on their development (9) , and the glutamate receptor function on vestibular ganglion neurons (10) . Electrophysiological properties of medial vestibular nucleus (MVN) neurons were studied in microexplant cultures (11) . These culture systems used embryonic or early postnatal animals. The use of cell cultures from adult animals is especially important for vestibular research, since many problems of the vestibular system, such as dizziness, falls, balance disorders, and vertigo, are commonly seen in advanced age. Isolated cell cultures have not been used for physiological studies of MVN neurons, which have been implicated in the mechanisms of vestibular compensation, an experimental model for lesion-induced plasticity, and in age-related vestibular disorders (12) (13) (14) (15) (16) (17) (18) (19) .
The present study develops a method for preparing isolated cell cultures of MVN neurons from adult animals. Cell survival in serum-free media was investigated using common growth factors. Whole-cell patch clamp studies were performed to describe the electrophysiological properties of cultured vestibular neurons.
Materials and methods

Animals
Male young adult (6-8 weeks) mice (Balb/C) were obtained from the Animal House of the Faculty of Medicine, Yüzüncü Yıl University. The animals were housed in an environment with natural day-night cycles and kept in standard cages with food and water ad libitum. Approval was obtained from the Animal Ethics Committee and all experiments were conducted in accordance with the NIH Guide for the Use and Care of Laboratory Animals. All efforts were made to minimize pain and discomfort.
Culture preparation
The method described by Brewer (3) was used for culture preparation with some modification. The animals were anesthetized with intraperitoneal injection of ketamine (100 mg/kg, Pfizer), and their brains were removed by orbital approach and placed into a 2-mL ice-cold culture medium containing B27, Neurobasal A (NBA), antibiotics, and glutamine (a complete description is provided below). Bilateral MVN was dissected from the brain on a cold plate under an operation microscope and incubated for 30 min at 4 °C in an enzyme solution containing papain (6 U/mL, prepared in NBA) in an Eppendorf tube. The cells were dissociated by mechanical trituration using blue and yellow pipette tips and an insulin needle. The cell suspension was kept in an agitator (50 Hz) for 15 min in DNase (100 mg/mL). Then it was placed on top of a gradient, prepared in NBA. The gradient was made in four 1-mL steps of 60%, 30%, 20%, and 10% Percoll. The cell suspension was centrifuged for 25 min at 4 °C at 5000 rpm. Then 1 mL of cell suspension was collected from the 30% band and resuspended in 5 mL of culture medium. The cell suspension was centrifuged for 5 min at 4 °C at 2000 rpm, and the top 5 mL supernatant was removed giving a 200-µL cell suspension. Cells were plated in four-well dishes previously coated with 10% poly-L-lysine (Sigma). Fifty microliter cell suspension was placed in each well and topped up to 400 µL with culture medium. Poly-Llysine was applied for 2 h, aspirated and rinsed once with distilled water, and allowed to dry for about 1 h before plating. One hour after plating and incubation (5% CO 2 , 37 °C), the medium was aspirated to remove unattached cells and debris and was rinsed once with 400 µL of culture medium. For electrophysiological recordings, the cells were plated in 35-mm plastic dishes, previously coated with poly-L-lysine and topped up to 1500 µL with culture medium. The basic culture medium consisted of 2 mM GlutaMaxI (Gibco), 100 units/mL penicillin, 100 µg/ mL streptomycin, and 2% B27 (NBA-B27)(Gibco). To test their effects on cell survival, fetal calf serum (FCS (10% and 20%), nerve growth factor (NGF)(50 ng/mL), brain-derived neurotrophic factor (BDNF)(50 ng/mL), neurotrophin-3 (NT-3)(50 ng/mL), leukemia inhibitory factor (LIF)(10 ng/mL), basic fibroblast growth factor (bFGF)(5 ng/mL), epidermal growth factor (EGF)(10 ng/ mL), or insulin like growth factor-1 (IGF-1)(10 ng/mL) were added to the culture medium. A six-well plate was used to test the effects of each serum or growth factors. Plating density was 1163 cells/cm 2 . FCS and growth factors were obtained from Sigma-Aldrich (UK).
Immunohistochemistry and viability essay
For the immunohistochemistry experiments, the cells were cultured on 10-mm coverslips coated with 10% poly-L-lysine. After 2 days in vitro (DIV), the cells were stained for glial fibrillary acidic protein (GFAP), neuroflament 200 (NF200), βIII tubulin, and neurotrophin receptors TrkA, TrkB, and TrkC, using standard immunohistochemical techniques. Briefly, the cells were fixed in 4% paraformaldehyde, freshly prepared in phosphate buffer saline (PBS) for 30 min. The cultures were washed in PBS and moved into a blocking solution (BSA 3%, Triton X 0.3%, Na-azide 0.01%, prepared in PBS) for 30 min. After incubation in 1:100 dilution of the primary antibody overnight at 4 °C, the cultures were washed 3 times for 5 min. The fluorescent-conjugated secondary antibodies were applied for 3-4 h and the cultures were rinsed 3 times for 5 min. After mounting (Slow Fade Light Antifade Kit, Mol. Probes), the cells were visualized using a fluorescent microscope (Carl Zeiss, USA). Propidium iodide (10 µM), which stains the nuclei of dead cells, was used to test the viability of the cells.
Electrophysiological recordings
Whole cell patch-clamp recordings were obtained 48 h after plating. Prior to the recordings, the culture medium was exchanged with 1500 µL of recording medium, consisting of (in mM) 124 NaCl; 5 KCl; 1.2 KH 2 PO 4 ; 1.3 MgSO 4 ; 2.4 CaCl 2 ; 26 NaHCO 3 ; and 10 D-(+) glucose, adjusted to pH 7.4 and osmolarity 300 mOsm. The petri dishes were placed on the stage of an inverted microscope (TE300, Nikon, Japan) and kept at room temperature during recordings. The glass microelectrodes (5-6 MW, WPI) were back-filled with (in mM) 145 potassium gluconate, 2 MgCl 2 , 5 K 2 ATP, 0.1 EGTA, and 5 HEPES. The osmolarity and acidity of the filling solution were adjusted to 290 mOsm and pH 7.2, respectively. Electrophysiological recordings were performed with continuous currentclamp in bridge mode using an AxoClamp-2B amplifier, stored digitally via Digidata 1322A interface and analyzed offline with pClamp 10 (Molecular Devices, USA). The signal from the amplifier was low-pass filtered at 3 kHz and digitally sampled at 25 kHz. The bridge balance and capacity compensation were adjusted to minimize the transient voltage change at the beginning of the current injection. A neuron was accepted for study only when it exhibited a resting membrane potential (RMP) more negative than -40 mV, and had a spontaneous activity or fired action potential in response to depolarizing stimuli. From each neuron, a continuous recording was obtained for 1 min without the delivery of any external stimulus, to see if the cell was spontaneously active. The reading on the digital voltmeter on the front panel of the AxoClamp 2B amplifier was taken as the resting membrane potential, which was later corrected for an estimated liquid junction potential of -10 mV. The input resistance (Rin, MΩ) was calculated from membrane potential change, evoked in response to a 100-ms hyperpolarizing current step of -0.2 nA. To find the duration and amplitude, the neurons were held at -70 mV membrane potential, and action potential was evoked by injecting current steps of 5 ms duration from 0.05 nA in increments of 0.05 nA. Action potentials evoked by the smallest current injection (rheobase) were used for assessing action potential shape. To study the firing characteristics of the cells, a series of constant depolarizing current steps of increasing amplitude (0.05 nA increments from 0.05 nA) was injected for a duration of 500 ms. Depolarizing and hyperpolarizing current steps of 500-ms duration (0.05 nA decrements starting at +0.05 nA) were injected to study the current/voltage responses of the cells.
Results
At the time of plating, most cells were spherical with no processes. Within a few hours of plating, some cells began to extend neurites. At 3 DIV, the somata and length of the neurites were measured in neuron cultures with 20% FCS using AxioVision 3 (Carl Zeiss Vision, Germany). The cells were multipolar and the average number of primary processes emanating from the soma was 6.8 ± 2.3 per cell (n = 53). Cells extend neurites as long as 107 µm (mean length 37.4 ± 12.1 µm). The somata of the cells were typically round or triangular, and had 192.4 ± 36.6 µm 2 soma area (n = 53) and 16.6 ± 1.9 µm diameter (n = 53) (Figure 1 ). Due to low plating density (1163 cells/ cm 2 ), the neurons were usually found in isolation and were not in contact with glial cells. Glial cells were very scarce throughout the culture period. Most cells were positive for neuronal markers NF200 and βIII tubulin and negative for the glial cell marker GFAP (90%), which confirmed the neuronal identity of the cultured cells. There was no TrkBpositive cell, although many cells were positive for TrkA and TrkC (Figure 2) .
The percentage of live cells incubated in culture medium was 52%, 9%, and 1% at 1, 2, and 3 DIV, respectively. When 10% FCS was added to the culture medium, the cells survived longer (92%, 29%, and 11%), and 20% FCS further increased their viability (92%, 68%, and 33%) (P < 0.05, χ 2 test). Furthermore, cell survival was prolonged with the addition of NGF (68%, 34%, and 13% at 1, 2, and 3 DIV, respectively) or IGF-1 (66%, 29%, and 5% at 1, 2, and 3 DIV, respectively) into the culture medium, whereas BDNF, NT3, LIF, bFGF, and EGF did not affect cell survival (P < 0.05, χ 2 test)( Figure 3 ). Among 28 neurons cultured with 20% FCS and recorded at 2 DIV with current-clamp, only one cell (4%) showed spontaneous action potentials, whereas the rest responded by producing action potentials on depolarizing stimuli. According to their responses to depolarizing current pulses, two types of neurons were identified: tonic (93%) and phasic (7%) neurons (Figure 4) . Tonic neurons produced multiple action potentials with a single component after hyperpolarization throughout the current injection period. Phasic neurons responded to the current pulse with a single action potential appearing at the beginning of the depolarization. Input resistance, resting membrane potential, action potential amplitude, and duration were not different in tonic and phasic neurons. When two types of neurons combined, they had 91.07 ± 48.6 MΩ input resistance, -53.57 ± 6.4 mV resting membrane potential, 76.02 ± 16.4 mV action potential amplitude, and 1.02 ± 0.2 ms action potential duration.
Discussion
This study cultured MVN neurons from adult mice for up to 3 days. Although microexplant cultures of MVN neurons were prepared beforehand, isolated cell culture of MVN from adult mice has been described here for the first time. Culturing mammalian cells in serum-free media has been a challenge (20) , but is considered indispensable, especially in studies regarding actions of biologically active molecules. As we observed in this study, supplementation of fetal serum to the culture enhances the survival of neurons and neurite regeneration alike, although it renders the medium undefined. In this study, we replaced serum with a defined supplement, B27, which was shown to specifically support neurons in vitro (1) . Additionally, it managed to obtain a survival rate of 52% for the first 24 h of incubation, which might permit the design of short experimental paradigms such as electrophysiology. While using BDNF, NT-3, LIF, bFGF, or EGF in culture medium did not prove useful in extending the culture period, adding NGF and IGF-1 to the medium increased the survival rate of cultured vestibular neurons, which expressed TrkA and TrkC. Although cultured vestibular neurons expressed TrkC, they did not benefit from the neurotrophic effect of NT-3, which can be explained by its low level of expression. For longer periods of culturing, the addition of either NGF or IGF-1 will still allow us to exercise a defined medium. Use of these two factors has been implicated in other neuronal culture protocols, along with those proved ineffective in this culture method (3, (21) (22) (23) (24) (25) . Since the culture additionally contained glial cells, though in low density, it is possible that the effect of growth factors is not direct. They may influence the survival of glial cells and stimulate them to secrete factors that indirectly support neuronal survival (26) .
Papain is a widely used enzyme in CNS tissue dissociation and is praised for its compatibility with neurons (3, 27) . However, when we used this enzyme at 37 °C, as suggested, we obtained a very low neuronal viability (data not shown). By lowering the temperature to 4 °C, we aimed to slow down the metabolism and reduce stress-induced cell death (28). Although we do not have data to explain the mechanism of action, this has worked for MVN neurons. It is noteworthy that at such a low temperature, papain was just as effective in the digestion of tissue as at physiological temperature, without being required to increase its concentration.
Most MVN neurons were not spontaneously active in cultured conditions. At 2 DIV, only one neuron (4%) produced spontaneous action potentials. As in many cell culture systems, neurons start producing spontaneous action potentials a few days after cell plating, and this may increase and later decrease (29) . Fitzakerley et al. found only 2 spontaneously active neurons out of 22 cochlear neurons in culture (30) , whereas no neuron was spontaneously active in microexplant cultures of MVN (11) . Low plating density may be responsible for the lack of resting activity, since it may depend on cell-to-cell contacts in some cells (31) . According to action potential characteristics, cultured MVN neurons were similar to Type A neurons that were described in brain slices. MVN neurons recorded in slices are classified either as Type A, which show a single deep after-hyperpolarization (AHP), or Type B, which show an early fast AHP followed by a delayed slow AHP (32, 33) . It is possible that only Type A cells are thriving in culture, or expression of additional channels needed for Type B cells may require a longer culture period. Genlain et al. (11) found only Type A cells, even after 4 weeks in microexplant cultures of MVN. The electrophysiological characteristics of the medial vestibular neurons 2 days after culturing are not entirely similar to those of the adult vestibular neurons in brain slices. For example, very low percentage of spontaneously firing neurons in culture reflects the missing pacemaker conductances, which generates resting discharge of action potentials. Performing electrophysiological recordings at a later culture period, such as at the 3rd and 4th days, when about 10%-30% cell viability is achieved, may reveal neurons with electrical membrane properties more similar to those of the mature neurons. Since vestibular neurons in culture extended neuritis more than 100 µm, it is possible that the mechanisms of axon degeneration, induced by laser microdissection, can be studied in central nervous system neurons as in the peripheral nervous system (34). Molecular changes, as well as changes in the current components of the vestibular neurons, such as hyperpolarization-activated cationic current, low threshold calcium current, and pacemaker current, can be investigated in cultured vestibular neurons during axonal degeneration and regeneration. In vitro studies of neurodegenerative diseases, such as Parkinson and Alzheimer diseases, often include cell lines such as HEK293 and SH-SY5Y, which do not express neuronal phenotype of the related neupathology or primary cell cultures obtained from embryonic tissues, which are easily prepared and maintained in vitro (35) . However, the developmental stage of embryonic primary cell cultures is not always suitable for studies of neurodegeneration, which often occurs later in life (36) . Hence, it would be desirable to use primary neuronal cultures for exploring neurodegenerative mechanisms, since they reproduce more adult-like phenotypic properties. This study described culturing of isolated MVN neurons from adult animals, and demonstrated that they retain some electrophysiological properties in culture. Adult CNS neurons are inherently much more difficult to culture than those from fetal or neonatal animals. However, in vitro observations are more relevant to physiological or pathological conditions in adult organisms. In this study, we developed a protocol to culture adult MVN neurons for up to 3 days, which may be useful for neuropharmacological studies of vestibular neurons from adult or even aged animals. The culture period and neuronal survival rate can be increased by manipulating growth factors such as adding EPO, CNTF, and GDNF, or using more than one growth factor in culture. Depending on the particular experiment, desired vestibular neurons could be cultured with glial cells, which play a role in supporting neuronal development (26) . Although not performed in the current Figure 4 . Current-clamp recording of medial vestibular nucleus neurons cultured with 20% fetal calf serum for 2 days revealed two types of neurons: tonic (A) and phasic (B). Tonic neurons responded to depolarizing current injections with multiple action potentials throughout the stimulus period, whereas phasic neurons responded to the current pulse with a single action potential appearing at the beginning of the stimulus. study, dissociating current components in tonic and phasic neurons in young and old animals may clarify mechanisms of age-related changes in electrical properties of vestibular neurons.
